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INTRODUCTION
Noise-induced hearing loss (NIHL) is typically defined by a noise-induced permanent threshold shift (NIPTS) (Berger, et al., 1978) under the assumption that noise exposure would not cause permanent damage if there is no NIPTS (Borg, et al., 1995) . However, this definition has been challenged by the observation that brief noise exposure can cause massive damage to the synapses between the inner hair cells (IHCs) and the type I spiral ganglion neurons (SGNs) without causing a significant permanent threshold shift (PTS) (Kujawa and Liberman, 2009; Lin, et al., 2011; Liu, et al., 2012; Furman, et al., 2013; Shi, et al., 2015b; Song, et al., 2016) . As the synapses between IHCs and SGNs represent the gates in the major information pathway from the cochlea to the auditory brain, damage to these synapses may cause long-term functional deficits in hearing even though the threshold is fully recovered. Therefore, the concept of noise-induced hidden hearing loss (NIHHL) has been proposed to address the functional deficits associated with synaptopathy not accompanied with a PTS (Moser and Starr, 2016; Plack, et al., 2016; Song, et al., 2016; Kobel, et al., 2017; Liberman and Kujawa, 2017; . This should cover all suprathreshold deficits in hearing function, rather than only those that are directly caused by the cochlear synaptopathy. However, recent research interest has focused on potential coding deficits against background noise (coding-in-noise deficit, CIND), as noise exposure was reported to selectively damage the synapses innervating a group of auditory nerve fibers (ANFs) with a relatively low spontaneous spike rate (SSR); and this group of ANFs is critical to the coding of sound at high levels and in noisy background (Furman, et al., 2013; Song, et al., 2016) . Based on their functional role, the selective loss of the low-SSR ANFs would 4 impair signal coding at suprathreshold levels against background noise (Plack, et al., 2014; Liberman, 2015; Oxenham, 2016) . However, CIND remains speculative even in animal models; they may not occur after a single, brief noise exposure, because the selective loss of low-SSR units may not be permanent. In one of our previous study, we reported that the initial change in SSR distribution is restored in accompany with the recovery of the synapse count after such a brief noise exposure in guinea pigs (Song, et al., 2016) . Only other single unit study was also done in guinea pigs (Furman, et al., 2013) . However, the SSR distribution was reported only at one time point after a noise exposure. Therefore, it is not clear if the SSR distribution change in this study is permanent or not. So far, there is no clear evidence that CIND is associated with the synaptopathy induced by such a brief noise exposure without PTS. To date, there have been only two single-unit studies of noise-induced synaptopathy (Furman, et al., 2013; Song, et al., 2016) . However, neither investigated CIND. There has been only one report regarding hearing-in-noise deficits after a similar noise exposure in a rat model using a paradigm of pre-pulse-inhibition to startle response .
Unfortunately, the data are difficult to interpret because (1) synapse loss was not reported, (2) the central contribution was involved in the startle response, and (3) the signal-to-noise ratio used to detect the deficit was much higher than that used in studies of human perceptions of signal in noise Maamor and Billings, 2017; Best, et al., 2018; Billings and Madsen, 2018; Yeend, et al., 2018) .
Tones with amplitude modulation (AM) are often used for evaluation of auditory processes due to their good dynamic features and frequency specificity (Joris and Yin, 1992; Dau, et al., 1997; Eddins, 1999; Jones, et al., 2000; Picton, et al., 2003; Van Eeckhoutte, et al., 5 2016; Chatterjee and Kulkarni, 2018) . AM tones presented at high sound levels challenge the high-SSR ANFs, especially when masking is added. Therefore, responses to AM signals have been recommended for evaluation of CIND in several reviews and have been considered as potential diagnostic tools that could be translated into clinical use for evaluating noiseinduced synaptopathy and NIHHL (Bharadwaj, et al., 2015; Shaheen, et al., 2015; Plack, et al., 2016; Kobel, et al., 2017; Liberman, 2017) .
In the present study, we attempted to verify CIND in both mice and guinea pigs by measuring AM responses in combination with masking. A brief noise exposure was used to create synaptopathy without PTS, similar to that reported previously (Liu, et al., 2012; Shi, et al., 2013; Song, et al., 2016) . To determine whether this measurement could be translated into clinical practice, we combined the near-field AM-evoked compound action potential (CAP) with scalp-recorded, far-field envelope following response (EFR) to determine whether EFR could represent changes in cochlear responses.
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Experimental Procedures
Subjects and general procedures
A total of 16 male albino Hartley guinea pigs (2 months old) and 16 male CBA/Ca/Bkl mice (1-month-old) were purchased from Shanghai Songlian Lab Animal Field (Shanghai, China) and B&K Universal Group Limited (Shanghai, China), respectively. They were prescreened in terms of baseline auditory brainstem response (ABR) to ensure normal auditory sensitivity. Eight animals of each species were chosen randomly and exposed to noise. ABR was repeated in the noise group at 1 day and 1-month post-noise exposure (1DPN and 1MPN, respectively). A comprehensive battery of electrophysiological measurements was applied at 1MPN after ABR in all animals in each group. After physiological evaluation, all animals were sacrificed, and the cochleae were harvested for synapse counting. All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the Affiliated Sixth People's Hospital, Shanghai Jiao Tong University (permit number DWLL2017-0295).
Noise exposure
The animals were unrestrained and placed in metal wire cages 40 cm below a fourspeaker array (TW-67 tweeters; Pyramid, Brooklyn, NY, USA). A broadband noise (4-22 kHz) was applied for 2 hours, at 103 and 100 dB sound pressure levels (SPL) for guinea pigs and mice, respectively, with noise level monitored during the exposure.
Electrophysiological evaluation
The animals were anesthetized with a mixture of ketamine and xylazine (40 and 10 mg/kg, respectively, i.p.). ABR and scalp EFR were recorded with three subdermal electrodes, with the recording electrode inserted at the vertex and the reference and grounding electrodes 7 positioned posterior to the external auditory canals. To record CAP, a silver wire electrode was placed on the round window membrane after surgically opening the mastoid. The reference and grounding electrodes were inserted into the muscle surrounding the incision.
The other ends of the electrodes were led to the RA4PA preamplifier of the Tucker-Davis Technologies system (TDT System III; Alachua, FL, USA).
The stimulus generation and biosignal acquisition were performed using the TDT system. The acoustic stimuli included: (1) clicks for CAP (0.1-ms duration, presented at 21.1/s), (2) tone bursts for ABR and CAP with 10-ms duration and 0.5-ms rise/fall time presented at 21.1/s intervals, (3) AM tones for AM CAP and EFR (500-ms duration and rise/fall time 5 ms; carrier frequency (CF): 8, 16, and 32 kHz; modulation frequency (MF): from 103 to 1,283 Hz for CF was 16 or 32 kHz, and from 103 to 583 Hz when CF was 8 kHz to avoid the MFs were beyond the both ranges of cochlear filter bandwidth and background noise masker; modulation depth: 10%, 40%, 70%, and 100%; presenting rate: 1.5/s). Stimuli (1) and (2) were presented from 90 down to 0 dB SPL in steps of 5 or 10 dB. When testing AM responses, the stimulus (3) was presented at 80 dB SPL. The masker was 1/3 octave-band noise centered at the CF and presented at 75 dB SPL. The use of the 1/3 octave-band noise masker was based upon the well coverage of the noise over the CF and all the sidebands due to modulation, as manifested in the spectrum analysis (data not shown). The use of 5 dB signal-noise-ratio (SNR) for masking was based on the fact that a roughly 10 dB attenuation was seen in the AM responses for the low MFs. A lower SNR was found to cause too much attenuation so that a reliable measurement of the AM response was difficult. On the other hand, a higher SNR would produce too little masking effect for a reliable comparison. The 8 stimuli and maskers were played through two speakers separately (Fostex FT28D Dome Tweeter; Madisound, Middleton, WI, USA) placed 10 cm in front of the animal's head.
The evoked responses were amplified 20 by a PA4 preamplifier (TDT) and averaged 1,000 times for the ABRs, and 100 times for the click and tone burst CAPs. The AM CAPs were simultaneously recorded with the scalp EFRs and averaged 40 times. The ABR threshold was defined as the lowest level where a repeatable wave III was observed and was tested over 1-32 kHz in guinea pigs and 4-40 kHz in mice. The CAP amplitude was defined as the difference between the first negative peak (N 1 ) and the following positive peak (P 1 ).
The middle 400-ms waveforms in both AM CAP and EFRs were taken from the response to the 500-ms AM sweep for spectrum analysis (via fast Fourier transformation). The peak values corresponding to the MFs were measured from the spectrum of the responses as the strength of the phase locking AM CAP and EFRs. To rule out potential contamination by the distortion productions in the stimuli, the acoustic signal was analyzed and no energy peaks were seen at the frequency region corresponding to MFs in the spectrum of the stimuli (data not shown).
Morphology
After the final physiological tests, the animals were sacrificed, and their cochleae were used for quantification of the synaptic ribbons, according to our previously published protocols (Liu, et al., 2012; Shi, et al., 2013; Song, et al., 2016) . Briefly, after fixing with 4% paraformaldehyde in phosphate-buffered saline (PBS), the cochlear tissues were dissected, permeabilized with 1% Triton X-100 in PBS for 1 hour, incubated in 5% goat serum in PBS for a further 1 hour, and then incubated overnight at 4°C with primary antibodies against both 9 C-terminal binding protein 2 (CtBP2) and post-synaptic density-95 (PSD-95) (mouse IgG1 to CtBP2; BD Biosciences, Franklin Lakes, NJ, USA: cat. # 612044, 1:200; mouse IgG2a to PSD95; Millipore, Billerica, MA, USA: cat. # MAB1596, 1:600). After the reaction, the tissues were washed and treated with the corresponding secondary antibodies (A21124 and A21131, respectively; Invitrogen, Carlsbad, CA, USA) for 2 hours at room temperature, and then mounted on microscope slides. Confocal images were taken at specified frequency positions based on frequency-distance mapping (Viberg and Canlon, 2004 ) using a confocal laser-scanning microscope (LSM 710 META; Zeiss, Shanghai, China) with a 63× waterimmersion objective. Image stacks were then exported to ImageJ image-processing software (National Institutes of Health, Bethesda, MD, USA), and over 10 successive IHCs at each frequency position of the cochlea were selected to count the puncta of CtBP2 (red) and PSD95 (green).
Statistics
All data are expressed as means ± standard error of the mean (SEM). Two-way ANOVA followed by post hoc testing (Holm-Sidak method) was performed using SigmaPlot (ver. 14; Systat Software Inc., San Jose, CA, USA). In all analyses, p<0.05 was taken to indicate statistical significance.
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RESULTS
ABR threshold shift after moderate noise exposure
ABR thresholds were determined at 3 days pre-noise exposure, and at 1DPN and 1MPN.
Noise exposure (103 dB SPL, 2 hours) produced an average temporary threshold shift (TTS) of 39.3 dB (4-32 kHz) in guinea pigs, as measured within 24 hours after exposure. Repeatedmeasures ANOVA was used to determine the significance. The TTS recovered almost fully at 1MPN, except at 8 kHz where a PTS of 16.4 dB remained (post hoc: t = 4.512, p<0.001; Figure 1A ). In mice, noise exposure (100 dB SPL, 2 hours) produced an average TTS of 32.0 dB (16-40 kHz) at 24 hours, which recovered to baseline threshold except at 40 kHz at 1MPN ( Figure 1B) . Corresponding synaptic puncta were counted and compared with respective controls (C, D).
The green boxes indicate the main spectrum range of the noise applied. Two-way ANOVA followed by post hoc tests was performed. ### : p<0.001 on ANOVA for frequency difference 12 between groups. *: p<0.05, **: p<0.01, ***: p<0.001 on post hoc comparisons for frequency difference between groups. The legend in panel E for the curves applies to panel F.
Synapse count
The number of synapses was determined by counting the puncta of immunostaining for CtBP2 and PSD-95 (Song, et al., 2016) . Figure 2 shows representative immunostaining results of pre-and post-synaptic structures at 16 kHz from guinea pigs and 32 kHz from mice.
At 1MPN, the synapse density (number of synapses per IHC) was significantly lower in the noise-exposed guinea pigs than the controls (by 7.7% and 7.2%, respectively, for CtBP2 and PSD within the 4-32 kHz region) and CBA mice (by 21.9% and 22.1%, respectively, for CtBP2 and PSD as averaged at 24 and 32 kHz) ( Figure 2E and F). These observations indicated that significant loss of synapses occurred in both species. Two-way ANOVAs were performed for both CtBP2 and PSD densities in guinea pigs and showed similar results. For example, the ANOVA for CtBP2 revealed a significant difference between the two groups (F (1,78) = 19.258, p<0.001), and post hoc tests showed that the differences across the 4-32 kHz region were significant. Specifically, at the frequency of 16 kHz, the synapse density for the noise-exposed group was significantly lower than the control value (18.2 ± 0.4/IHC vs. 19.6 ± 0.2/IHC, respectively, t = 2.613, p=0.011). In mice, the exposed group also showed a significantly reduced CtBP2 density (F (1,60) = 20.254, p<0.001), mainly at 24 and 32 kHz as revealed by the post hoc test (e.g., at 24 kHz: 15.7 ± 1.2/IHC vs. 19.6 ± 0.4/IHC for the exposed and control groups, respectively, t = 3.679, p<0.001). Similar change was seen in the PSD density in mice. Figure 3 shows the input/output (I/O) curves of CAP amplitude evoked by clicks and tone bursts of three frequencies (8, 16, and 32 kHz). The CAP I/O curves in the exposed groups of both species were largely depressed in response to clicks and 8 kHz tone bursts.
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Impact of noise exposure on CAP input/output function
The small PTS at 8 kHz for guinea pigs may partially account for the dissociation of the CAP I/O functions between the two groups at low sound levels. At both 16 and 32 kHz, the CAP 14 I/O curve in the noise-exposed guinea pigs recovered almost fully across the whole range of sound levels as compared to the controls. However, the curve for mice in the noise group remained lower than that for the controls at higher sound levels at 32 kHz. Two-way ANOVA (against noise and SPL) showed significant between-group differences for the responses to click and 8 kHz tone bursts in both species, and to 16 kHz tone bursts in mice. For example, the click-evoked response in the exposed groups in both guinea pigs and mice were much lower than that of the respective control groups in both species (F (1,91) = 21.481, p<0.001 for guinea pigs; F (1,97) = 39.504, p<0.001 for mice). Figure 5A , C, E) and mice ( Figure 6A , E), while the curves of both the control and noise groups showed a large degree of overlap in the EFRs. Two-way ANOVA showed significant effects of noise exposure on AM CAP data at every CF in guinea pigs and at two CFs in mice (e.g., CF = 8 kHz: F (1,36) = 13.580, p<0.001; F (1,42) = 18.631, p<0.001, respectively, for guinea pigs and mice), while the between-group difference for scalp EFRs was significant only at CF of 32 kHz in guinea pigs ( Figure 5E : F (1,72) = 27.772, p<0.001).
The AM response recording was repeated using a narrow-band (1/3 octave) masker centered at the CF and at 75 dB SPL (Figures 5 and 6 ). The effect of masking was calculated as the difference between the response amplitudes recorded in quiet and masked conditions.
To determine if masking showed a greater effect in the noise group, two-way ANOVA was 16 performed against noise exposure and MF. A significantly greater masking effect in the noise group was seen only in AM CAP at CF of 16 kHz in guinea pigs ( Figure 5F ) (F (1,72) = 6.615, p=0.012). However, post hoc tests failed to show any significant differences between the groups within each MF. In all other CFs in AM CAP, and all CFs in scalp EFRs, in both species, there was either no significant difference in masking effect between the two groups or the masking effect was the opposite to our expectations: i.e., a smaller masking effect was seen in the noise group (at CF of 32 kHz in guinea pigs: Figure 5I p<0.01, ***: p<0.001 on post hoc tests for the factor of noise exposure.
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DISCUSSION
In the present study, NIHHL was established in both guinea pigs and CBA/Ca/Bkl mice with noise exposure similar to previous reports (Kujawa and Liberman, 2009; Lin, et al., 2011; Liu, et al., 2012; Song, et al., 2016) . The synapse count at 1MPN showed a significant reduction relative to the controls in both species, although the reduction was less than reported previously. AM responses measured at a high sound level in association with background noise failed to show robust evidence for the existence of CIND. Scalp EFRs appeared not to be sensitive for revealing the reduction in cochlear response amplitude due to noise-induced synaptopathy.
The synapse loss reported in the present study was less than what had been reported previously by us (Liu, et al., 2012; Shi, et al., 2013; Song, et al., 2016) . Therefore, the functional consequence of the synapse loss may not be the same after the loss seen in the previous studies. However, the meaning of the present study is still significant based upon the following arguments. 1. To explore the CIND under the concept of NIHHL, the levels of noise exposure were controlled at 103 dB SPL and 100 dB SPL respectively for Hartley guinea pigs and CBA/Ca/Bkl mice. Using such noise exposure, we already saw PTS at one frequency at 1MPN in each of both species (Figure 1) . It is likely therefore, further increase of the exposed sound level exposure would have created a large and wide-spread PTS and would not be appropriate for investigating whether CIND could occur under the synaptopathy in NIHHL. 2. The synapse loss was evaluated at 1MPN in the present study. Based on our previous data, the initial loss of the synapse should be much larger. In guinea pigs, for example, the initial synaptic loss was as high as 45.1% at 1DPN (after a noise exposure at 106 21 dB SPL for 2 h), while the loss decreased to 17.4% at 1MPN (Song, et al., 2016) . It is reasonable to assume that the initial damage to the ribbon synapses in the present study was much more than that was exhibited by the final count loss at 1MPN. A repair process is probably responsible for the recovery of the synapse count, even though the existence of such process is still under debate, as summarized in our recent review (Chen, et al., 2018a) . 3. Our previous studies have demonstrated that the repaired synapses are not healthy in signal coding, based upon several coding deficits that were not seen immediately after the noise exposure, but developed in accompany with the recovery of synapse count (Liu, et al., 2012; Shi, et al., 2013; Shi, et al., 2015a; Song, et al., 2016) . Therefore, the synaptopathy should not be simply recognized as the reduction of the synapse count. Overall, the outcome of the present study revealed the consequence of the synaptopathy resulted by a noise exposure that is somehow maximal in dose in terms of not causing PTS.
There is a discrepancy between the CAP amplitude and synapse count data across different frequencies. For example, the loss of synaptic count was seen in noise exposed mice only at 24 and 32 kHz (Figure 2 F) , while the decreased amplitudes of CAP were detected at much lower frequencies (Figure 3 E-G) . We do not have a clear explanation to this discrepancy. However, as mentioned above, the reduction in CAP amplitude should not be simply correlated with the reduction of synapse count due to two major reasons: (1) the because survived synapses may have functional deficits, and (2) the synaptic loss and damage are biased to the low-SSR ANFs that do not make significant contribution to the transient responses evoked by click or tone-bursts (Bourien, et al., 2014) .
Since a report of selective loss of ANFs with low-SSR after a brief noise exposure, the main focus of studies on NIHHL has been the CIND (Furman, et al., 2013) . Speculation is based mainly upon the well-established role of low-SSR ANFs in signal coding under conditions of background noise (Plack, et al., 2014; Liberman, 2015; Plack, et al., 2016; Kobel, et al., 2017; Liberman and Kujawa, 2017; , as well as on the assumption that a single, brief noise exposure can selectively and permanently disrupt all synapses to the low-SSR ANFs.
There is debate regarding whether the synapses that are initially disrupted by noise can be re-established, or whether their disruption is permanent. Massive synapse loss (~50%) was reported to be permanent in CBA/CaJ mice, which was matched by the degree of SGN loss observed 2 years after noise exposure (Kujawa and Liberman, 2009 ). This constitutes strong evidence for the irreversibility of synaptic loss after brief noise exposure. However, the synapse count reduction was found to be largely reversible in guinea pigs (Liu, et al., 2012; Shi, et al., 2013; Song, et al., 2016) and C57B/6J mice (Shi, et al., 2015b; Yang-Hood, et al., 2018) . The synapse loss reported in the present study was also much lower than the 50% loss seen in the CBA/Caj mice, suggesting a significant difference across species/strain. It is notable that a similar immunohistochemical method with confocal microscopic observation was employed in all studies focusing on quantitative changes in synapse count after noise exposure. Therefore, the different results may have been due to species/strain differences.
However, it has been argued that the recovery in synapse count seen in guinea pigs and C57 mice may have been due to fluctuations in the expression of the synaptic proteins targeted by the analysis (Liberman, 2017) . Such fluctuations may have impacted on the brightness of the signal on immunostaining, and therefore may have affected synapse counts. This mechanism is unlikely, however, especially for ribbon protein detected by antibody to CtBP2, which is one of the protein targets that can be easily stained on immunohistochemical analysis. The targeted protein is ribeye, which constitutes the presynaptic ribbon. Regulation of ribeye expression may occur in two ways: (1) a change in protein quantity in each individual synapse, or (2) a change in number of synapses. Theoretically, only mechanism (1) would impact on the accuracy of the synaptic count. It has been reported that ribbons in the retina break down in response to bright light and are reassembled in the dark (Schmitz and Drenckhahn, 1993; Adly, et al., 1999; Spiwoks-Becker, et al., 2004; Schmitz, 2009; Regus-Leidig, et al., 2010) .
However, no such process exists in cochlear IHCs.
There is other evidence for the recovery of the synapses, including: (1) in guinea pigs, the synapse count recovery was parallel to the recovery of CAP amplitude (Liu, et al., 2012; Shi, et al., 2013; Song, et al., 2016) ; (2) although not studied quantitatively, morphological appearance similar to that in immature synapses has been reported, including multiple ribbons in each synapse (Ruel, et al., 2007; Song, et al., 2016) and numerous efferent terminals that directly contact the IHC (Ruel, et al., 2007); and (3) there is an intrinsic neurotrophic system (especially neurotrophin-3 or NT-3) in the adult cochlea (Despres and Romand, 1994; Fritzsch, et al., 1997; Green, et al., 2012; Ramekers, et al., 2012) , which should serve to maintain the stability of the synapses. In fact, application of exogenous NT-3 (Sly, et al., 2016; Suzuki, et al., 2016) and overexpression of NT-3 by local genetic manipulations were shown to promote synapse regeneration after noise damage (Wan, et al., 2014; Chen, et al., 2018b) .
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As synaptic count recovered, it is possible that selective loss of low-SSR ANFs would also be reversible; this is what we found in a single-unit study of guinea pigs (Song, et al., 2016) . Another single-unit study, also of guinea pigs, indicated biased loss of low-SSR units 2 weeks after brief noise exposure (Furman, et al., 2013) . However, neither of these single-unit studies evaluated CIND. Animal studies reported to date have yielded no clear evidence of whether a brief noise exposure without PTS can cause CIND. A recent study using pre-pulse inhibition on startle reflex provided limited evidence in this regard; however, the limitations of this study have been addressed in the Introduction . Some human studies suggested the existence of CIND in subjects with a history of noise exposure (Kortlang, et al., 2016; Fulbright, et al., 2017) , while others yielded negative results (Prendergast, et al., 2017; Yeend, et al., 2017) . Nevertheless, the noise exposure in these previous studies was not well-documented or was even based upon self-reported measures.
More importantly, the exposure was not to a single, brief noise as used in animal studies. Therefore, it is not reasonable to infer the existence of CIND after a single and brief noise exposure by citing human data.
Although the amount of synapse loss is small in the present study, it is adequate to cover all the low-SSR units because this group takes a small portion in total ANFs (Furman, et al., 2013; Bourien, et al., 2014; Song, et al., 2016) . If the loss of the low-SSR ANFs is permanent, CIND should be revealed by the different effect of masking to the AM responses when tested at higher sound levels (Bharadwaj, et al., 2014) . As high-SSR ANFs have low thresholds and narrow dynamic ranges, and are therefore saturated at high signal levels and/or by masking, they should be poorly responsive to AM tones presented at a high sound level and with a 25 masker (Joris and Yin, 1992) . Unfortunately, the data in the present study did not show a significant between-group difference in the masking effect. This null result suggested that CIND does not occur in association with the synaptopathy induced by a single, brief noise exposure. Therefore, the selective loss of the low-SSR units may not be permanent.
Alternatively, the AM response measured in this study may not have been sufficiently sensitive to detect CIND. One potential improvement that could be made is to test the AM responses at lower modulation depths. AM signals presented at a high sound level but with lower modulation depth rely more on low-SSR ANFs (Bharadwaj, et al., 2015) . However, the AM responses to signals with low modulation depth were weaker and required more averaging. This was challenging for CAP recording in mice due to the poor stability of the round window electrode. EFR could be used as an alternative because the stability of the electrode is not an issue. However, based on our data, the EFR was not sufficiently sensitive to determine changes in the cochlea due to central gain.
In one recent study, EFRs were found to be significantly reduced in CBA/CaJ mice after a brief noise exposure that caused ~50% permanent synapse loss in the high-frequency region (Shaheen, et al., 2015) . However, the between-group differences were seen mainly at modulation frequencies close to 1 kHz, such that it was unlikely to have been due to functional differences in ANFs. Nevertheless, why such a huge loss of synapses was seen in CBA/CaJ mice, but not in other species or strains, remains to be clarified.
The present study focused on the between-group difference of masking in responses to the envelope of AM signals. We failed to find the CIND in subjects with the noise-induced synaptopathy. Since the temporal fine structure (TFS) also contributes to the speech 26 recognition in noisy background, such as sound segregation spatially from masking (Swaminathan, et al., 2016; Luo, et al., 2017) , further research should evaluate the value of TFS in detecting the CIND. Since the application of TFS is limited in lower frequency region, a different protocol of noise exposure should be adopted to create the NIHHL with synaptopathy of such frequency.
In conclusion, there are discrepancies among species/strains, as well as laboratories, regarding the impact of a single, brief noise exposure on synapse loss in the cochlea and the resultant changes in hearing. Further well-controlled studies are needed in more laboratories to clarify this issue.
